Introduction
============

Liver cancer is one of the most common cancers in the world. It was found to occur in 782,000 people in the year 2012. It led to 746,000 deaths on that year. Liver cancer mainly induced by cirrhosis resulted from hepatitis B virus (HBV), hepatitis C virus, or alcohol. As there is a high incidence of HBV in Asian countries, the occurrence of liver cancer is high. More than 100,000,000 people in the People's Republic of China were statistically reported as HBV carriers. This makes the prevention and curation of liver cancer difficult.[@b1-ott-9-5383],[@b2-ott-9-5383] Looking for an efficient drug is critically important for liver cancer therapy.

Pitavastatin is a classical drug for lowering blood cholesterol. It is a type of statin drug. In the recent years, a novel function of pitavastatin was discovered by some researchers: pitavastatin was able to inhibit the growth of cancer cells. In 2006, a study showed that pitavastatin could regulate NF-κB and anti-inflammation in hepatocellular carcinoma cells.[@b3-ott-9-5383] Pitavastatin has been reported in several animal models that it correlated with various types of tumor progression.[@b4-ott-9-5383]--[@b6-ott-9-5383] Pitavastatin could induce autophagic cell death in glioma cells and promote sensitivity of cells to radiotherapy.[@b7-ott-9-5383] It could inhibit cell proliferation and induce cell apoptosis in cholangiocarcinoma cells as well.[@b8-ott-9-5383] In 2014, Jiang et al[@b9-ott-9-5383],[@b10-ott-9-5383] found another novel function of pitavastatin, which was discovered by US Food and Drug Administration (FDA)-approved drug screening and showed strong ability of antiglioma stem cells. However, whether pitavastatin could be used for liver cancer therapy has never been reported earlier. In our study, we tested the antiliver cancer ability of pitavastatin using cell viability and colony formation assays. Pitavastatin inhibited the growth of liver cancer cells in a dose-dependent and time-dependent manner. Further mechanism of pitavastatin in vitro and in vivo were investigated. As pitavastatin has already been approved by the FDA, if it is efficient for liver cancer therapy, it will be a novel approach for liver cancer therapy.

Materials and methods
=====================

Cell culture
------------

The liver cancer cell lines Huh-7 and SMMC7721 were maintained in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (Thermo Fisher Scientific). The medium was supplemented with penicillin and streptomycin. Both of these cells were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, People's Republic of China).

Cell count detection
--------------------

The Huh-7 cells and SMMC7721 cells were split into 96-well dishes at 5,000 cells/well and treated with the indicated dosage of pitavastatin for 48 hours or 5 µM pitavastatin for 1, 2, 4, 6 days respectively. The cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Beyotime, Haimen, People's Republic of China) and formed formazan in the liver cells. Formazan was dissolved in dimethyl sulfoxide (DMSO; Beyotime), and the absorbance was measured at the wavelength of 570 nm. The cells treated with DMSO were used as a control group. The relative cell number of each group was calculated as pitavastatin-treated group/cell number in the DMSO-treated group.

Colony formation
----------------

The Huh-7 cells and SMMC7721 cells were trypsinized into single cells and split into 24-well dishes at 100 cells/well. The cells were pretreated with 0 µM, 0.5 µM, or 1 µM of pitavastatin and cultured for 8 days. The medium was discarded, and the cells were stained with 1% crystal violet in 20% ethanol for 1 hour. The cells were washed with water thoroughly, dried, and scanned.

Cell cycle
----------

The Huh-7 cells were plated in six-well dishes at 3×10^5^ cells/well and treated with pitavastatin at the indicated dosage for 48 hours. The cells were trypsinized into single cells, fixed with 70% ethanol at 4°C for 30 minutes, washed with phosphate-buffered saline thrice, and incubated with 50 µg/mL RNAase (Sigma-Aldrich Co., St Louis, MO, USA) for 30 minutes at 37°C. The cells were then stained with 50 µg/mL of propidium iodide (Sigma-Aldrich Co.) in the dark. The data were collected using the flow cytometry machine Calibur.

Western blot
------------

The Western blot assay was performed according to the standard protocol. The primary antibodies rabbit antiprocaspase-9, antiprocaspase-3, cleaved caspase-3, cleaved PARP, and tubulin were purchased from Cell Signaling Technology (Danvers, MA, USA). The secondary antibody was obtained from Beyotime.

Mice experiments
----------------

All the animal experiments were performed according to the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. All the animal experiments were approved by the The First Affiliated Hospital of Wenzhou Medical University institutional review board. The nude mice were injected with Huh-7 cells subcutaneously. Each mouse was injected with 2×10^6^ cells, which were pretreated with DMSO or 1 µM of pitavastatin for 12 hours. The tumors of the mice were measured every 4 days and calculated as length × width × width/2.

Statistical analysis
--------------------

All the data were presented as mean ± SD. The comparison between the groups was analyzed by one-way analysis of variance. *P*-value \<0.05 was significant. The survival curve was calculated using the Kaplan--Meier method in GraphPad Prism 5.0.

Results
=======

Pitavastatin decreased growth of liver cancer cells
---------------------------------------------------

Pitavastatin ([Figure 1A](#f1-ott-9-5383){ref-type="fig"}) is a blood cholesterol-lowering drug. It was discovered effective in antiglioma cancer. To test whether it could treat antiliver cancer as well, the liver cancer Huh-7 cells and SMMC7721 cells were treated with different dosages of pitavastatin ([Figure 1B](#f1-ott-9-5383){ref-type="fig"}). The cells were inhibited by pitavastatin, dependent of dosage. They also showed time dependence after treated with 5 µM of pitavastatin ([Figure 1C](#f1-ott-9-5383){ref-type="fig"}). Low dosage of pitavastatin was able to prevent colony formation of liver cancer cells ([Figure 1D](#f1-ott-9-5383){ref-type="fig"}).

Pitavastatin induced apoptosis of liver cancer cells
----------------------------------------------------

To investigate how pitavastatin inhibited growth of liver cancer cells, cell cycle distribution of the cells after pitavastatin treatment was measured. Pitavastatin dramatically arrested the Huh-7 cells at the G1 phase ([Figure 2A and B](#f2-ott-9-5383){ref-type="fig"}). A further analysis found that pitavastatin robustly increased the proportion of sub-G1 phase cells as well as the sub-G1 phase indicated that the cells were going apoptosis ([Figure 2C](#f2-ott-9-5383){ref-type="fig"}). Pitavastatin may inhibit the growth of liver cancer cells by both arresting the cells at the G0 phase and inducing apoptosis of cells.

Pitavastatin induced apoptosis of liver cancer cells dependent of caspase
-------------------------------------------------------------------------

Pitavastatin treatment increased the population of Huh-7 cells in the sub-G1 phase. It induced apoptosis of liver cancer cells. To get to know how it functioned, we measured the expression of apoptosis-related proteins. It was found that caspase-9 and caspase-3 as well as poly ADP ribose polymerase (PARP) were cleaved ([Figure 3A and B](#f3-ott-9-5383){ref-type="fig"}). We used 10 µM caspase inhibitor Z-VAD-FMK (Sigma-Aldrich Co.) to pretreat cells for 24 hours and then treat the cells with pitavastatin. We found that Z-VAD-FMK treatment could dramatically attenuate the effect of pitavastatin in inhibiting the growth of Huh-7 cell. This suggested that pitavastatin induced apoptosis of liver cancer cells dependent of caspases ([Figure 3C](#f3-ott-9-5383){ref-type="fig"}).

Pitavastatin prohibited liver tumor growth in vivo
--------------------------------------------------

To further investigate whether pitavastatin showed in vivo inhibitory effect, drug-pretreated Huh-7 cells were injected into the rear back subcutaneously. Pitavastatin treatment decreased the growth of liver tumor in nude mice ([Figure 4A](#f4-ott-9-5383){ref-type="fig"}). It prolonged the survival time of tumor-bearing mice as well ([Figure 4B](#f4-ott-9-5383){ref-type="fig"}).

Discussion
==========

Liver cancer is one of the most common cancers in the world. The most cases of liver cancer occur in Asian countries due to the high incidence of HBV infection. Prevention of liver cancer and obtaining an efficient drug for liver cancer therapy is urgent.

Pitavastatin is a small molecule. It was developed as a blood cholesterol-lowering drug many years ago.[@b11-ott-9-5383],[@b12-ott-9-5383] It has been reported with novel anticancer property in the recent years. However, whether it can be used for liver cancer therapy has never been reported. In this study, we tested the antiliver cancer effect of an old blood cholesterol-lowering drug pitavastatin. Pitavastatin inhibited liver cancer Huh-7 cells and SMMC7721 cells in a time-dependent and dosage-dependent manner. Pitavastatin dramatically prohibited growth and colony formation of liver cancer cells ([Figure 1](#f1-ott-9-5383){ref-type="fig"}). We also found that pitavastatin could arrest cells at the G1 phase and induce apoptosis of liver cancer cells ([Figure 2](#f2-ott-9-5383){ref-type="fig"}). The study published in 2011 found that statins could induce growth inhibition and apoptosis of cholangiocarcinoma cells.[@b8-ott-9-5383] However, how it works was not well defined. To well understand this, we checked the expression level of apoptosis-related proteins and found that procaspase-9 and procaspase-3 were robustly cleaved after pitavastatin treatment. Z-VAD-FMK, an inhibitor to all caspase proteins, dramatically inhibited pitavastatin-induced cell growth inhibition. This suggested that pitavastatin inducing apoptosis of liver cancer cells was dependent of caspase proteins ([Figure 3](#f3-ott-9-5383){ref-type="fig"}). The in vivo data further confirmed the efficiency of pitavastatin on liver cancers. It prolonged the survival of tumor-bearing mice ([Figure 4](#f4-ott-9-5383){ref-type="fig"}). In the in vivo experiments, the cells were pretreated with 1 µM of pitavastatin. At this dosage in vitro for 12 hours, the Huh-7 cells were almost viable. As seen in [Figure 1C](#f1-ott-9-5383){ref-type="fig"}, the Huh-7 cells treated with 5 µM of pitavastatin for 24 hours are still with \>80% viable cells. The Huh-7 cells responded to the pitavastatin treatment in a time- and dosage-dependent manner. Pitavastatin is an old drug lowering the blood cholesterol. It exerts multieffects in vivo, especially on the liver. In our study, we found that pitavastatin showed cytotoxicity on liver tumor cells in vitro and tumor inhibition in vivo. In this study, it is unclear whether the antitumor effect in vivo is solely induced by the cytotoxicity of pitavastatin or also affected by pitavastatin through changing the cell metabolism indirectly in vivo.

In the previous studies, pitavastatin was also discovered with other functions. Through FDA drug screening, Jiang et al[@b10-ott-9-5383] found that pitavastatin could dramatically inhibit glioma cancer stem cells. This was further confirmed in another article published by this group.[@b9-ott-9-5383] The developing of novel function of old drug, especially, the thioridazine, was also found in other researches. It is a dopamine receptor antagonist and was found with anticancer stem cells ability through drug screen.[@b13-ott-9-5383] It was then further tested in other studies.[@b14-ott-9-5383],[@b15-ott-9-5383] In this study, we found that pitavastatin arrested cells at the G1 phase. This may also be functioned in liver cancer stem cells. This needs to be further studied in the future work. Another article disclosed that pitavastatin is able to alter the expression of drug-resistance genes.[@b16-ott-9-5383],[@b17-ott-9-5383] As one of the key characteristics of cancer stem cells is chemoresistance, pitavastatin possibly could sensitize cancer stem cells to chemotherapy by downregulating the multiple drug-resistant genes. Moreover, pitavastatin could sensitize cancer cells to radiotherapy as well.[@b7-ott-9-5383] This further indicated the possibility of pitavastatin in promoting cancer stem cells to traditional therapies. Owing to the sensitization of cancer cells to treatment by pitavastatin, it could be combined with other treatment to enhance its efficiency on cancer treatment. Chemotherapeutic drug, radiation, traditional Chinese medicine, small molecules, or viruses can be used for this combination.[@b18-ott-9-5383]--[@b20-ott-9-5383] The famous small molecule resveratrol, extracted from grape, was widely used for cancer therapy in various types of cancers.[@b21-ott-9-5383] It was used to treat cancer cells or cancer stem cells, together with other approaches.[@b22-ott-9-5383],[@b23-ott-9-5383] Whether pitavastatin could also target liver cancer stem cells will be further investigated in our future study. Its combination with cisplatin, fluorouracil, and oncolytic viruses may show excellent antiliver cancer cells effect. In this study, our results suggested pitavastatin as an effective molecule for liver cancer therapy. It could be considered as a potential drug for liver cancer therapy in the future.
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![Pitavastatin decreased growth of liver cancer cells.\
**Notes:** (**A**) Molecular structure of pitavastatin. (**B**) Cell viability detection on liver cancer Huh-7 cells and SMMC7721 cells after pitavastatin treatment for 48 hours. (**C**) Cell viability detection on liver cancer Huh-7 cells and SMMC7721 cells with 5 µM pitavastatin treatment for the indicated days. (**D**) Colony formation of Huh-7 cells and SMMC7721 cells with pitavastatin treatment for 8 days.\
**Abbreviation:** Ctrl, control.](ott-9-5383Fig1){#f1-ott-9-5383}

![Pitavastatin induced apoptosis of liver cancer cells.\
**Notes:** (**A**) Cell cycle distribution of Huh-7 cells after pitavastatin treatment for 48 hours. (**B**) Quantitative analysis of cell cycle distribution. The average of G0/G1, S, and G2/M phases was calculated. (**C**) Quantitative analysis of sub-G1 population with pitavastatin treatment. The average of sub-G1 phase was calculated. \**P*\<0.01, \*\**P*\<0.05, and \*\*\**P*\<0.001.\
**Abbreviation:** Ctrl, control.](ott-9-5383Fig2){#f2-ott-9-5383}

![Pitavastatin induced apoptosis of liver cancer cells dependent of caspase.\
**Notes:** (**A**) Alteration of apoptosis-related protein expression after pitavastatin treatment for 48 hours. (**B**) Quantitative analysis of protein expression with pitavastatin treatment. Huh-7 cells without treatment were used as a Ctrl. The relative expression was presented as pitavastatin-treated cells/DMSO-treated cells. (**C**) Reversal effect of caspase inhibitor Z-VAD-FMK on pitavastatin prohibited cell growth. Huh-7 cells without treatment were used as a Ctrl. The relative expression was presented as pitavastatin- or Z-VAD-FMK-treated cells/DMSO-treated cells. \**P*\<0.05, \*\**P*\<0.001, and \*\*\**P*\<0.01.\
**Abbreviations:** Ctrl, control; DMSO, dimethyl sulfoxide.](ott-9-5383Fig3){#f3-ott-9-5383}

![Pitavastatin prohibited liver tumor growth in vivo.\
**Notes:** (**A**) Tumor growth curve of Huh-7 cells with or without pitavastatin treatment. (**B**) Mice survival outcome with or without pitavastatin treatment. \**P*\<0.001.\
**Abbreviation:** Ctrl, control.](ott-9-5383Fig4){#f4-ott-9-5383}
